ments of E are found to average 80 s Ϫ1 with a maximum
A ϭ E ␤ sub n cG .
(2) rhodopsin activates transducin molecules and phosphodiesterase (PDE) catalytic subunits at rates of 120-Here E is the rate of activation of PDE catalytic subunits 150/s, much lower than indirect estimates from lightper photoisomerized rhodopsin, ␤ sub is the rate constant scattering experiments. Further, we measure the of cGMP hydrolysis per activated PDE subunit, and n cG Michaelis constant, K m , of the rod PDE activated by is the Hill coefficient describing the cooperativity of transducin to be 10 M, at least 10-fold lower than channel opening by cGMP. ␤ sub is defined as published estimates. Thus, the gain of cGMP hydrolysis (determined by k cat /K m ) is at least 10-fold higher ␤ sub ϭ k sub /K m N Av V cyto BP cG (3) than reported in the literature. Accordingly, our results now provide a quantitative account of the overall gain where k sub represents the average catalytic rate per of the rod cascade in terms of directly measured active PDE catalytic subunit (PDE*) and is defined as factors. Transducin is activated to G* at a constant rate, denoted G , and G* in turn activates PDE at a rate that we denote as E in terms of PDE* subunits (solid trace). The cGMP concentration and the circulating electrical current decline from their respective dark levels along trajectories that are approximately parabolic at early times. Both variables are plotted normalized to their dark levels, and the symbol F denotes the fraction of current remaining. For a single photoisomerization, the decline of F(t), which constitutes the response, at early times is given by R(t) ϵ 1 Ϫ F(t) ϭ (Pugh and Lamb, 1993, Table IV, after correc- as moles of GTP␥S per mole of R* is shown in Figure  2A . The slope of the straight lines in Figure 2A show Figure 1C illustrates the mean single-photon response cated that as long as the ROS concentration in the for a toad rod, estimated from more than 300 dim-flash reaction mixture corresponded to at least 10 M rhotrials. The parabolic prediction of R(t) for "pure activadopsin, no significant amount of transducin leaked from tion," from Figure 1B , is compared with the rising phase any of the ROS membranes preparations in the dark. of the response (broken curve). A better fit to the data These observations are consistent with the idea that as can be obtained by taking into account the inactivation long as transducin remains associated with ROS memreactions (Nikonov et al., 1998; Whitlock and Lamb, branes prior to its activation by R*, then its rate of activa-1999) to obtain the dotted curve in Figure 1C , for which tion does not depend on the method of ROS disruption the amplification constant was determined as A ϭ 0.11 or on the ROS concentration. This is further supported s Ϫ2 . A second means of estimating A is illustrated in by the data in Figure 2B , where the rate of transducin Figure 1D for another rod, where an entire family of activation did not significantly increase when the conresponses has been fit, yielding the estimate of A ϭ centration of ROS was increased well above the range 0.16 s Ϫ2 . These two estimates of A typify the range of used in other experiments. values obtained from amphibian rods; the first estimate We next addressed the dependence of the rate of is potentially more reliable, as the observation of singletransducin activation on the concentration of GTP␥S photon responses precludes the possibility of light cali-( Figure 2C ). The accuracy of these measurements was bration errors. The values are close to the mean of 0.10 limited by the fact that the signal-to-noise ratio in the s Ϫ2 determined by Pugh and Lamb (1993 , Table VI) measurement of bound GTP␥S decreased with increasthrough examining published results from five earlier ing GTP␥S concentration, especially at concentrations studies. We conclude that the amplification constant of above 100 M. However, the quality of the data is suffiamphibian rods is close to A ϭ 0. under our experimental conditions. Cameron and E. N. P.). Accordingly, we suggest that To determine the G*/PDE* molecular ratio, we took the true value of G is likely to be ‫021ف‬ s Ϫ1 per R* or suspensions of completely disrupted dark-adapted ROS, perhaps slightly higher. This is at the higher end of the added a mixture of and calculated the corresponding activation rates. A low GTP␥S concentration was used deliberately, as this allowed us to achieve an extremely low experimental Transducin Activates PDE Catalytic Subunits error in the GTP␥S binding experiments without affectat a 1:1 Molecular Ratio ing the G*/PDE* molecular ratio (which is independent The efficiency of amplification in the cascade depends of the free nucleotide concentration). The value of G (in on the stoichiometry of the interaction of G* with PDE. G* s Ϫ1 per R*) is given by the slope of the straight line It is natural to assume that on average one transducin ␣ subunit is required to activate each PDE* catalytic in the upper panel of Figure 3A . The rate of PDE* subunit
GTP-Bound and GTP␥S-Bound Forms of Transducin Are Equivalent in Activating PDE
Most of the experiments reported here were performed with transducin activated by GTP␥S rather than GTP, as this eliminates inactivation of transducin due to GTP hydrolysis. Therefore, two essential controls in this study were to show (1) that the rate of transducin activation by R* is no different with GTP than with GTP␥S and (2) that PDE activation by transducin is just as efficient with GTP␥S bound as with GTP bound. Since it is not possible to obtain accurate GTP binding data using the nitrocellulose filter binding assay (because GDP formed after GTP hydrolysis is poorly retained on the nitrocellulose-bound transducin; cf. Gray-Keller et al., 1990), comparison of the efficiency of these nucleotides in cascade activation was performed by measuring PDE activation. We first analyzed the dependence of the rate of PDE activation on the concentrations of GTP␥S and GTP for dim flash illumination, where the activation of transducin by R* is rate-limiting for activation of the whole cascade. The data presented in Figure 4A show that the halfsaturating nucleotide concentrations for cascade activation are essentially identical, with K 1/2 values of 24.5 Ϯ 6 M for GTP and 24.8 Ϯ 3.5 M for GTP␥S.
We would stress that these measurements of halfsaturating nucleotide concentration are more accurate than the corresponding measurement in Figure 2C (for GTP␥S alone) because the signal-to-noise ratio in the PDE experiments is not dependent on the concentration of the nucleotides employed. The fact that the K 1/2 for and qualifies the PDE as a nearly perfect effector in However, the possibility remains that the K m value deterfulfilling its function of maximally amplifying the second mined even in the most disrupted ROS was still overestimessenger signal during the photoreceptor response to mated due to the problem of diffusion with hydrolysis light. in the presence of high PDE activity in the membrane This finding makes it possible to resolve a central fragments. Indeed, even the smallest particles in this paradox in the field of phototransduction: the 10-fold ROS preparation appear large enough to contain the discrepancy between the rates of transducin activation remnants of many disc fragments. obtained in direct biochemical measurements and indiTo address the possibility that diffusion with hydrolyrect assays utilizing light scattering. Until now, the "low" sis occurs in even the most disrupted membrane prepavalues of G and E , obtained consistently in the direct rations, we activated only a small fraction of the total assays, have been rejected as gross underestimates PDE within each ROS fragment, as illustrated schematiin comparison with the much higher values obtained cally in the lower half of Figure 6A . This reduction was indirectly. However, the primary reason for this rejection achieved by adding low concentrations of GTP␥S to is that the lower values were deemed insufficient to a preparation of completely disrupted, photoactivated account for the overall gain of signal transduction in ROS so that the quantity of activated PDE was limited the rod photoresponse, when the previously reported by the availability of activated transducin. As shown in estimates for the ratio k sub /K m of the PDE were used Figure 6D , reduction in the fraction of activated PDE (Pugh and Lamb, 1993). Our results not only establish was accompanied by a systematic decrease in the apthat the k sub /K m of the PDE is sufficiently large to explain parent K m . At very low levels of PDE activation, the meathe total amplification but in addition show that under sured K m stabilized at ‫01ف‬ M cGMP, which we consider the conditions of the single-photon response, the conto be the true K m of transducin-activated PDE*, since it centration of PDE* in the intradiscal space remains low was obtained under conditions minimally influenced by enough to avoid reducing its catalytic efficiency. the effects of diffusion with hydrolysis.
To accommodate these findings, we have revised our
A Quantitative Description of the Rising Phase theoretical analysis of diffusion with hydrolysis, incorpoof the Photoresponse Using a Coherent Set rating the hypothesis that only at very low levels of PDE of Biochemical Parameters activation (Ͻ1%) does the apparent K m represent the
The parameters for which revised estimates have been true K m of transducin-activated PDE (see Appendix). The obtained in this study are as follows: (1) the rate G of higher K m values that have been routinely obtained in transducin activation ‫021ف‬ G* s Ϫ1 per R*; (2) the rate E previous studies, where the entire PDE pool was actiof activation of PDE catalytic subunits, with a mean of vated, resulted from restrictions imposed on the supply 120 PDE* s Ϫ1 per R* and a maximum observed value of of substrate (cGMP) by the ROS membranous structure. 150 PDE* s Ϫ1 per R*; and (3) the Michaelis constant for Importantly, the three theoretical lines in Figure 6D make the PDE, with a mean of K m ϭ 10 M and minimum the point that the analysis presented here does not deobserved value of 9.2 M. pend critically on the microstructure and size distribuFrom these revised values, we can determine whether tion of the particles, as discussed in Appendix. the amplification of the electrical response is explicable Although our results and analysis cannot exclude the in terms of directly measured biochemical parameters. possibility of an alternative explanation for the K m shift,
Adopting the values K m ϭ 10 M and k sub ϭ 2200 s Ϫ1 our interpretations do not rely on the precise mechaand assuming V cyto ϭ 0.85 pl (based on the typical toad nism. Thus, our measurements of the rate of PDE activa-ROS dimensions of 6 ϫ 60 m and assuming the cytotion indicate that only 1%-2% of the total PDE is actiplasm to occupy 50% of the total ROS volume) and vated within an individual interdiscal space during a BP cG ϭ 1 (implying a lack of additional cGMP buffering), single-photon response. This means that during the sinsubstitution in Equation 3 yields ␤ sub ϭ 4.3 ϫ 10 Ϫ4 s Ϫ1 . gle-photon response the PDE will indeed operate at its Then, with the mean value of E ϭ 120 PDE* s Ϫ1 per R* true K m of ‫01ف‬ M, regardless of the true explanation and assuming the most conservative value of n cG ϭ 2, the for the dependence of K m on PDE activation shown in overall amplification constant is predicted by Equation 1 Figure 6D .
to be A ϭ 0.10 s Ϫ2 , essentially identical to the value The values for the k cat of the fully activated holomer, required to account for the average gain of the single-PDE**, measured in the course of this study varied bephoton response (see Results). However, we note that tween 3400 and 6000 s Ϫ1 , within the range reported in a substantial variation in the value of A is observed our previous work (Dumke et al., 1994 by direct biochemical assay.
ROS Preparation

The Phototransduction Cascade of Vertebrate
Osmotically intact frog ROS were isolated on Percoll gradients under
Rods Represents a Benchmark System for infrared illumination as described (Biernbaum and Bownds, 1985).
Studying the Speed of G Protein Signaling
We used frog rods because they have been better characterized An important aspect of this study is that it establishes biochemically than toad rods, yet their morphological and electrophysiological properties are virtually indistinguishable; additionally, a "benchmark" rate at which G protein can be activated bullfrogs are available commercially throughout the year. The incubating disrupted ROS with 100 M ATP overnight on ice, thereby inducing rhodopsin phosphorylation by endogenous rhodopsin ki-"pseudo-intracellular" buffer used in all experiments contained 10 mM HEPES (pH 7.8), 90 mM potassium isethionate, 15 mM sodium nase. This incubation did not cause appreciable reduction in the amount of active transducin (as judged from the maximal amount isethionate, 2 mM DTT, 2 g/ml aprotinin, 4 g/ml leupeptin, and either 2 mM or 5 mM MgCl 2 .
of the light-dependent GTP␥S binding) or significant loss of the membrane-bound transducin to solution. Subsequently, to avoid Three methods of ROS disruption were used: (1) ROS electropermeabilization, which preserves normal ROS morphology while creatphosphorylation of the rhodopsin deliberately photoisomerized during the experiment, we added sangivamycin (1 or 2 mM), a potent ing small pores in the plasma membrane, with an apparent cut-off of ‫06ف‬ kDa (Gray-Keller et al., 1990) ized with 100 l nonbuffered Tris, and the amount of hydrolyzed ms flash from a light source equipped with a 75 W halogen lamp, cGMP was determined by the snake venom assay (Hurley and Stryer, a set of neutral density filters, and an orange filter with a 600 nm 1982). cut-off (the orange filter was used to achieve a uniform bleaching
The rate E of PDE* activation after dim flashes of light was deterthroughout the sample volume by eliminating the self-screening mined by fitting Equation 4. The results for a dim flash and those effect). The fraction of rhodopsin isomerized was determined by for darkness were separately fitted by a parabola (e.g., Figure 3B ), measuring spectrophotometrically the amount bleached by an unfiland E was determined by applying Equation 4 to the difference. tered flash (Bownds et al., 1971) in each experiment, and the reWe used parabolic rather than linear analysis of the dark data bequired level was achieved by inserting various combinations of neucause the majority of dark activity was GTP␥S dependent. This tral density filters (up to a maximum of ‫4ف‬ OD units).
argues that the dark activity originated from rhodopsin spontaneously activated in the dark, rather than from intrinsic PDE activity.
GTP␥S Binding Assay
In contrast to the GTP binding assay described above, this dark A 40 l aliquot of ROS suspension was mixed in the dark at 22ЊC activity was relatively small, so we did not need to quench thermally with an equal volume of [ Some of the PDE kinetic measurements were obtained with the dissociation of GTP␥S that had already bound to transducin. For pH assay (Liebman and Evanczuk, 1982), as described in detail experiments performed with 100 M rhodopsin, 10 l samples were previously by Barkdoll et al. (1988 Barkdoll et al. ( , 1989 . Retinas of 4-6 darkilluminated directly in the thin 10 l tips attached to a Microman adapted toad eyes were dissected under infra-red illumination in pipette (Gilson), allowing the most uniform rhodopsin bleaching in 1-1.5 ml of MOPS buffer (100 mM KCl, 2 mM MgCl 2 , 1 mM dithiothreithis dense ROS suspension. tol, 100 M EDTA, and 20 mM MOPS, pH 8.0). Outer segments One problem with this assay was that cell disruption by the 28G were purified as described (Barkdoll et al., 1988 (Barkdoll et al., , 1989 for the values of PDE* id , D r , a and the true K m . This provided us with the radial distribution profile, cGMP(r), within the particle for a given exposed to a lower concentration of cGMP than PDEs at the disc rim (see Figure 6A) , can account for an elevation of the apparent boundary concentration cGMP 0 . We then computed the surface density of the diffusional influx value of K m . An unexamined assumption of the previous analysis is that diffusional restrictions are insignificant in completely disrupted ROS, with the result that the K m measured with maximally disrupted F ϭ D r ‫ץ‬cGMP ‫ץ‬r ͉ rϭa (7) preparations was taken to be the true K m of transducin-activated PDE. The experimental data in Figure 6D argue that this preparation is not free of the "diffusion with hydrolysis" problem and that the This value of F was then multiplied by the surface-to-volume ratio true K m is about an order of magnitude lower than assumed preof the particle (2/a for a cylinder and 3/a for a sphere) to yield the viously. These findings call for revision of the analysis in two areas. average rate of hydrolysis, expressed in M s Ϫ1 (referred to the First, the previous analysis was restricted to the case where the particle volume). Then, cGMP bulk was either set equal to cGMP 0 or concentrations of cGMP used for obtaining the initial part of the calculated according to Equation 6, according to the presence or Michaelis curve were well below the true K m . That assumption alabsence of an additional diffusion barrier in the model. The calculalowed an analytical solution of the equation for diffusion with hydrotions were repeated to obtain a series of values of cGMP bulk , and lysis, but the experimental results obtained in this study show that the results were fitted with the Michaelis-Menten equation to deterthis assumption was not valid. Therefore, a numerical solution of the mine the apparent K m for each PDE* id . diffusion equation is needed . Second, the previous model described
Comparison of the Theoretical Analysis diffusion for cylindrical ROS fragments with preserved disc stack with the Experimental Data structure. Since these fragments are not preserved in the completely In order to test the hypothesis that the increase in apparent K m disrupted ROS preparations, we need to consider two alternative (observed upon an increase in the fraction of activated PDE in a descriptions of the particle structure in such experiments: (1) small suspension of disrupted ROS) is explicable by our model of diffusion cylindrical particles with reasonably well preserved disc architecwith hydrolysis, we need to make several assumptions concerning ture, and (2) spherical particles containing nonoriented disc the size and diffusion properties of the particles in this suspension. structure.
These assumptions are explained as follows. Figure 6E . Diffusion of cGMP Inside the Particles. It seems reasonable to where n ϭ 1 for a cylindrical stack of discs, and n ϭ 2 for spherical assume that inside the particles of severely disrupted ROS, the symmetry with nonoriented internal structure (Crank, 1956 ). cGMP orderly disc arrangement is not preserved. The intraparticle space is the local concentration of cyclic GMP, r is radial distance, D r is would then be highly tortuous, with reduced effective diffusion coefthe effective radial diffusion coefficient of cGMP inside the particle, ficient (D r ). It is also possible that the residual plasma membrane and PDE* id is the concentration of activated PDE subunits per unit or bent discs at the surface of the particle may form an additional of particle volume. For practical convenience, the units chosen were diffusion barrier surrounding the particle, with permeability B. as follows: r in m; t in s; D r in m 2 s Ϫ1 ; k sub in s Ϫ1 ; concentrations The solid light gray curve in Figure 6D shows the relation comof PDE* id and cGMP in M; and K m in M. puted according to Equation 5, for cylindrical particles having the The boundary conditions of Equation 5 are ‫ץ‬cGMP/‫ץ‬r ϭ 0 at r ϭ 0 size distribution shown in the inset, with no diffusion barrier, and and cGMP ϭ cGMP 0 at r ϭ a, where a is the particle radius and with D r ϭ 50 m 2 s Ϫ1 (‫-01ف‬fold lower than in free solution, cf. Dumke cGMP 0 is the concentration of cGMP at the edge of the particle. In et al., 1994). This calculated curve shows a good match to the a well-stirred solution and in the absence of an additional diffusion general trend of the experimental data. It levels out at the true K m , barrier surrounding the particle, cGMP 0 is equal to the bulk concenwhen less than a few percent of the PDE is active, and it rises tration of cGMP, cGMP bulk . However, if an additional diffusion barrier steeply at higher levels of PDE activation. (perhaps comprising residual fragments of the plasma membrane Importantly, we found that fits of very similar quality to those in surrounding the particle) is present, then Figure permeable than the plasma membrane of the electropermeabilized which represents the maximal hydrolytic activity per unit of volume ROS described in Dumke et al., 1994) . Furthermore, we found that inside the particle. This factor is related to the observed maximal the exact hypothesis regarding the distribution of particle sizes had hydrolytic activity, PDE* k sub , by the ROS dilution factor ‫000,1ف(‬ in little influence on the shape of the theoretical curves. the experiments in Figure 6D ). We have therefore chosen in Figure  In summary, we conclude that the dependence of the apparent 6D to plot the experimental values of apparent K m as a function of K m on the degree of PDE activation in a suspension of ROS particles the observed maximal rate, PDE* k sub .
Basic Equations of Diffusion with Hydrolysis
can satisfactorily be explained by a model of diffusion with hydrolyApproach to Numerical Solution sis within the particle. Although numerical solutions of the partial differential equation (Equation 5) can be obtained by finite-difference methods (Crank 1956 ), the computations are extremely time consuming. Therefore,
